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Key Points: 
• Electron whistler waves are generated at mirror mode magnetic holes in the 
magnetosheath. 
• Electron temperature anisotropy is enhanced at the center of magnetic holes by trapping 
and at the edges by Fermi acceleration or deceleration of electrons. 
• In deep magnetic holes, low energy electrons resonate with the electron whistler waves 
and are isotropized while higher energy electrons remain anisotropic inside the magnetic 
holes. 
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Abstract 
The Magnetospheric Multiscale (MMS) mission has observed electron whistler waves at the center 
and at the edges of magnetic holes in the dayside magnetosheath. The magnetic holes are nonlinear 
mirror structures since their magnitude is anti-correlated with particle density. In this article, we 
examine the growth mechanisms of these whistler waves and their interaction with the host 
magnetic hole. In the observations, as magnetic holes develop and get deeper, an electron 
population gets trapped and develops a temperature anisotropy favorable for whistler waves to be 
generated. In addition, the decrease in magnetic field magnitude and the increase in density reduces 
the electron resonance energy, which promotes the electron cyclotron resonance. To investigate 
this process, we used an expanding box particle-in-cell simulations to produce the mirror 
instability, which then evolves into magnetic holes. The simulation shows that whistler waves can 
be generated at the center and edges of magnetic holes, which reproduces the primary features of 
the MMS observations. The simulation shows that the electron temperature anisotropy develops 
in the center of the magnetic hole once the mirror instability reaches its nonlinear stage of 
evolution. The plasma is then unstable to whistler waves at the minimum of the magnetic field 
structures. In the saturation regime of mirror instability, when magnetic holes are developed, the 
electron temperature anisotropy appears at the edges of the holes and electron distributions become 
more isotropic at the magnetic field minimum. At the edges, the expansion of magnetic holes 
decelerates the electrons which leads to temperature anisotropies.  
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1 Introduction 
Satellite observations frequently find magnetic holes in the planetary (Earth, Saturn and 
Jupiter) magnetosheaths (Erdős and Balogh, 1996; Bavassano-Cattaneo et al, 1998; Soucek et al, 
2008). Magnetic holes are depressions in the background magnetic field formed on a spatial scale 
greater than the ion gyroradius with the perturbed magnetic field 𝛿𝑩 amplitudes comparable to the 
background 𝑩. These structures are believed to be consequence of the nonlinear evolution of 
mirror instability perturbations (Erdős and Balogh, 1996; Sahraoui et al., 2004; Soucek et al, 2008; 
Califano et al, 2008; Génot et al, 2009; Ahmadi et al., 2017). The quasi-perpendicular bow shock 
heats ions in the direction perpendicular to the background magnetic field, creating a temperature 
anisotropy (𝑇𝑝⊥ > 𝑇𝑝∥) that generates mirror mode structures in the downstream region. 𝑇𝑝⊥ and 
𝑇𝑝∥ stand for proton temperatures perpendicular and parallel to the ambient magnetic field, 
respectively. Mirror modes form as compressional magnetic peaks or magnetic holes along the 
background magnetic field and have zero group velocity (they are stationary in the plasma rest 
frame). As they convect with the plasma toward the magnetopause, in the middle of the 
magnetosheath (between bow shock and magnetopause) where the plasma is mirror unstable, they 
form quasi-periodic structures with magnetic peaks being the dominant structures. Close to the 
magnetopause, the plasma becomes marginally mirror stable causing the magnetic peaks to 
collapse while magnetic holes survive this transition, as stated by the bi-stability theory (Kuznetsov 
et al., 2007; Califano et al., 2008). According to the bi-stability theory, magnetic peaks and 
magnetic holes are the solutions of the Vlasov-Maxwell equations in a mirror unstable plasma but 
in a mirror stable plasma, only magnetic holes can survive and magnetic peaks collapse.  
Soucek et al. (2008) have shown the shape of mirror mode structures depends on plasma 
parameters. They performed a statistical study of mirror mode magnetic peaks and magnetic holes 
  4 
and their relation to mirror instability threshold using Cluster observations. They showed that 
magnetic peaks are present when plasma is mirror unstable and magnetic holes dominate in mirror 
stable or marginally mirror stable plasma. The same behavior for mirror mode waves was observed 
by Voyager spacecraft on the dayside of Saturn in its magnetosheath as reported by Bavassano-
Cattaneo et al. (1998). Ahmadi et al. (2017) developed an expanding and compressing box Particle-
in-Cell (PIC) code using the Plasma Simulation Code (PSC) (Germaschewski et al., 2016) in order 
to model the convection of the mirror mode waves in the dynamic magnetosheath. They showed 
that mirror mode structures evolve into deep magnetic holes in a marginally mirror stable plasma, 
in agreement with the Cluster observations. These ion scale magnetic holes can impact the electron 
dynamics and lead to the generation of electron whistler waves.  
Observations also show that mirror mode structures are often accompanied by electromagnetic 
whistler waves (historically known as “lion roars”) in the mirror mode magnetic holes (Smith and 
Tsurutani, 1976; Tsurutani et al., 1982; Lee et al., 1987; Yearby et al., 2005; Masood et al., 2006; 
Zhang et al., 1998). Electromagnetic whistler waves are generated either by electron temperature 
anisotropy (𝑇𝑒⊥ > 𝑇𝑒∥) or through electron beam-driven instability (Trakhtengerts et al., 1999; 
Gary and Karimabadi, 2006) and propagate mostly parallel to the background magnetic field with 
frequencies between 𝛺𝑝 < 𝜔 <  𝛺𝑒, where 𝛺𝑝 and 𝛺𝑒 are the proton and electron gyrofrequencies, 
respectively. Gary and Wang (1996) provided an analytical instability threshold for whistler 
anisotropy instability (hereafter referred to as whistler waves) in a bi-Maxwellian plasma with 
maximum growth rate 𝛾𝑚 = 0.01Ω𝑒:  
𝑅𝑤 = 𝛽𝑒||
0.55 (
𝑇𝑒⊥
𝑇𝑒||
− 1) −  0.36 (1) 
A plasma is whistler unstable when 𝑅𝑤 ≥ 0 and whistler stable when 𝑅𝑤 < 0. 
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Mirror mode waves play a dominant role in mitigating the proton temperature anisotropy in the 
magnetosheath, but they do not fully isotropize the magnetosheath plasma; it remains in a constant 
state of marginal stability. Recent multi-satellite missions using spacecraft at ion- and electron-
scale separations, improved precision, and faster sampling rates, as well as advances in numerical 
computing, have made it possible to study cross-scale energy transport, making this study a timely 
endeavor to understand transport of energy from ion-scale structures to the electrons.  
Presence of electron temperature anisotropy can also enhance mirror mode growth rate but mirror 
instability has to compete with the whistler instability for consuming the available free energy. We 
previously showed that the whistler instability quickly grows and saturates, thereby consuming 
most of the electron free energy as the mirror instability is just starting to grow (Ahmadi et al., 
2016). Previous results have shown that electrons require a generator of free energy in order to 
influence the growth of mirror mode waves (Pantellini and Schwartz, 1995; Pokhotelov et al., 
2000; Ahmadi et al., 2016), and that plasma expansion and field line draping near the 
magnetopause can provide the energy source. 
Whistler waves have been observed in the center and at the edges of the mirror mode holes (Smith 
and Tsurutani, 1976; Zhang et al., 1998; Tenerani et al., 2013; Tenerani et al., 2014). Several 
mechanisms have been previously proposed for the generation of these whistler waves (Thorne 
and Tsurutani, 1981; Zhima et al., 2015), but the electron dynamics in magnetosheath mirror 
modes are not yet fully understood. Early theories hypothesize that the free energy for whistler 
wave growth is provided by the pitch angle anisotropy of low-energy magnetosheath electrons. As 
particles with large pitch angle (close to 90) become trapped by the growing magnetic holes, the 
mirror force enhances anisotropy in the low-field region (Lee at al., 1987). Density increases as 
the field weakens, reducing the scaling energy (𝐸𝑀 = 𝐵
2/8𝜋𝑁) for resonant wave-particle 
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interactions to values as low as 10 𝑒𝑉 where 𝑁 is the particle density (Thorn and Tsurutani, 1981). 
The result is an exponential increase in the number of electrons that are capable of resonating with 
the waves. These theories, however, ignore the forces that develop as the mirror structure grows. 
The nonlinear growth phase of the mirror instability introduces forces that alter the simple trapping 
model. The trapped plasma with turning points at higher |𝐵| is Fermi accelerated in the parallel 
direction as the mirror mode peaks grow. Meanwhile, the trapped plasma deep within the mirror 
mode holes is cooled in both the perpendicular and parallel directions by Fermi and betatron 
deceleration as the troughs deepen (Kivelson and Southwood, 1996). Such processes are confirmed 
by spacecraft observations of electron distribution functions in the peaks and troughs of mirror 
modes (Leckband et al., 1995; Chisham et al., 1998; Soucek and Escoubet, 2011; Breuillard et al, 
2017). Another counterpoint to the trapping model is that whistler waves have been observed on 
the edges of magnetic holes (Zhima et al., 2015). Also, Ahmadi et al. (2017) have observed 
signatures of whistler waves at the minimum and the edges of mirror mode holes in PIC expanding 
box simulations, which we discuss further in this paper. Zhang et al., (1998) showed that 30% of 
magnetosheath whistler waves are observed within mirror mode structures, meaning there is a 
driver of free energy. The dominant frequencies of these whistler waves are around 0.12𝛺𝑒. 
More recent observations of mirror modes in the magnetotail report both cigar-shaped and 
pancake-shaped distributions within the holes, and suggest that different evolutionary phases of 
mirror modes will produce different shapes in the electron distribution functions (Li et al., 2014). 
Regardless of the shape, whistler waves were present. 
In this paper, we investigate how electron whistler waves are generated at the center and edges of 
ion-scale magnetic holes in the magnetosheath and study the electron distributions inside the holes 
using high resolution Magnetospheric Multiscale (MMS) mission data and PIC simulations. In 
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section 2, we review our expanding box PIC simulations and show that whistler waves are able to 
grow in the mirror mode magnetic holes. Section 3 shows MMS observations of whistler waves 
inside mirror mode magnetic holes in the magnetosheath. In section 4, we investigate the driver of 
electron whistler waves and provide details of different mechanism for electron scattering. And 
finally, we summarize our results in section 5. 
2 Generation of Electron Whistler Waves in PIC Simulations 
 We performed two-dimensional PIC expanding box simulation to produce the mirror mode 
magnetic holes using PSC (Germaschewski et al., 2016; Ahmadi et al., 2017). The expanding box 
method implemented into PSC is described by Sironi and Narayan (2016). We expand the 
simulation box in the direction of the ambient magnetic field 𝑩 = 𝑩𝟎?̂? (parallel expansion). The 
simulation parameters are given in Ahmadi et al. (2017). The initial temperature anisotropy and 
parallel plasma beta for protons (index p) and electrons (index e) are 𝑻𝒑⊥ 𝑻𝒑∥ = 𝟏. 𝟏⁄ , 
𝑻𝒆⊥ 𝑻𝒆∥ = 𝟏.⁄ , 𝜷𝒑∥ = 𝟏𝟑 and 𝜷𝒆∥ = 𝟏. 𝜷 is the ratio of particle pressure to magnetic pressure. The 
simulation starts with Maxwellian electrons and slightly anisotropic protons. If there are no waves 
present in the system, plasma follows the adiabatic path according to Chew-Goldberger-Low 
(CGL) model (Chew et al., 1956). In a parallel expansion, the conservation of first and second 
adiabatic invariants increases the temperature anisotropies and lead to generation of proton 
cyclotron and mirror instabilities. We start the simulation with a small electron beta (𝜷𝒆∥ = 𝟏) and 
it decreases as we expand the simulation box. The decrease in plasma beta resembles the 
magnetosheath plasma beta from the bow shock to the magnetopause. The plasma is stable to the 
whistler instability when we average the plasma parameters in the entire simulation domain 
according to analytical threshold in equation (1). The expansion leads to high averaged electron 
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temperature anisotropy as shown in Figure 1 while electron beta is decreasing. At the nonlinear 
regime of mirror instability when magnetic holes are shallow, the proton and electron temperature 
anisotropy are anti-correlated with the magnetic field magnitude in the magnetic hole. Although 
the averaged plasma parameters are electron whistler stable with 𝑹𝒘 < 𝟎, which is shown in 
Figure 1, the plasma is locally unstable to the whistler waves at the minimum of the magnetic field 
structures as displayed in Figure 2a. In the saturation regime of mirror instability, when magnetic 
holes are dominant and deep, electrons become isotropic at the magnetic field minimum while 
electron temperature anisotropy still exists at the edges of the magnetic holes (Figure 2b). This can 
be explained by the generation of whistler waves at the magnetic field minimum. Electrons are 
isotropized at the minimum and anisotropy remains at the edges of the magnetic hole. The presence 
of electron temperature anisotropy at the edges of magnetic hole can lead to the generation of the 
whistler instability at the edges which is seen in MMS observations.  
3 MMS Observations 
 The MMS spacecraft has spent a large amount of time in the magnetosheath and has 
crossed the magnetopause many times to capture the dynamics of the magnetic reconnection 
(Burch et al., 2016) and it has provided many observations of mirror mode structures in the 
magnetosheath. One of the unique features of MMS mission is the high time resolution of particle 
and field measurements when the spacecraft is in burst mode (Le Contel et al., 2014; Lindqvist et 
al., 2014; Russell et al., 2014; Baker et al., 2016; Fuselier et al., 2016; Torbert et al., 2016; Pollock 
et al., 2016; Ergun et al., 2016). Using burst mode MMS data, there have been recent studies of 
whistler waves in the magnetosheath associated with mirror mode structures (Breuillard et al, 
2017). MMS satellites crossed the magnetosheath at approximately 16:20 UT on 1 December 
2016. Figure 3 shows an overview of the magnetosheath parameters by MMS1 between 16:20 and 
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16:23 UT. The first and second panels show ion and electron energy fluxes provided by Fast 
Plasma Investigation (FPI) instrument in burst resolution 150ms for ions and 30ms for electrons. 
The third panel shows the magnetic field components and total magnetic field. The background 
magnetic field is about 45nT with the magnetic field vector being predominantly in the GSE Z 
direction. The minimums in magnetic field are about 20nT below the background field. These are 
mirror mode magnetic holes and the magnitude of the magnetic field is anti-correlated with ion 
density, shown in panel 4. These structures are on the order of the ion gyroradius and they are seen 
on all spacecraft. The ion and electron temperature anisotropies are shown in panel 5 with red and 
blue lines, respectively. The ions are anisotropic with 𝑇𝑝⊥ 𝑇𝑝∥ > 1⁄  and electrons are relatively 
isotropic except in the magnetic holes. Figure 4 displays the wave polarization analysis of this 
mirror mode event. Panels 1 and 2 in Figure 4 show magnetic and electric field power spectral 
density, respectively, which displays electromagnetic whistler wave signatures inside the mirror 
mode magnetic holes with frequencies below the electron gyrofrequency. Wave polarization 
analysis using Search Coil Magnetometer data (8192 S/s) and Flux Gate Magnetometer 
demonstrates that these waves are parallel propagating (Panel 3) and right hand circularly polarized 
(Panel 4) which confirms they are whistler waves. We use the wavelet (Morlet) polarization 
analysis in the frequency range [10 − 2000] HZ. These whistler waves are observed at different 
frequencies depending on the magnetic hole depth. For the shallow magnetic hole at 16:20:34, the 
frequency of whistlers is about 0.35𝑓𝑐𝑒 while for the following deeper holes, the observed whistler 
frequency is 0.12𝑓𝑐𝑒. We observe that as the magnetic hole gets deeper, the whistler waves move 
to lower frequencies. We also observe the presence of whistler waves at the edges of magnetic 
holes at 16:21:05, 16:21:24, 16:22:05 and 16:22:40 which agrees with PIC simulation results 
shown in Figure 2. We see that the wave signatures at the edges of the magnetic holes are at higher 
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frequencies compared to the waves at the minimum of the magnetic structure. We explain the 
possible generation mechanism of whistler waves inside the magnetic holes in the next section. 
4 Driver of Electron Whistler Waves in Mirror Mode Magnetic Holes 
In the context of mirror modes, there are three mechanisms that can produce unstable 
distributions to whistler waves: 1) trapping, 2) Fermi acceleration or deceleration, and 3) betatron 
acceleration. In their non-linear growth phase, the peaks and holes of mirror modes grow in 
amplitude such that the difference between the maximum and minimum field values of the mirror 
mode becomes larger (Kivelson and Southwood, 1996). The result is that more particles become 
trapped in the bottle structure. Since the pitch angles of trapped electrons are centered around 90°, 
the electron plasma becomes more anisotropic and may trigger the whistler resonance condition. 
Another driver of anisotropy is betatron acceleration. As the magnetic bottles contract or expand 
on a timescale long enough to conserve the 1st adiabatic invariant 𝜇, the changing magnetic field 
strength through the plane of the electron gyromotion induces an electric field, causing 
acceleration or deceleration in the perpendicular direction. Depending on how the mirror structure 
is evolving and where the turning points are for the trapped electrons, betatron acceleration can 
either work with or against the trapping mechanism toward the whistler instability threshold. 
Whistler waves may also be triggered by field-aligned beams that have been generated through 
Fermi acceleration. Mirror points that approach one another slower than the time it takes electrons 
to reflect, so that the second adiabatic invariant is conserved, transfer parallel momentum to the 
electrons that are mirrored. Conversely, mirror points that retreat from one another steal parallel 
momentum from electrons. If an electron is only weakly trapped, it may receive many parallel 
energy boosts on its way through the mirror mode system (Kivelson and Southwood, 1996; Drake 
et al., 2006) and become part of an electron beam that destabilizes the trapped plasma. 
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One final factor that can contribute to plasma destabilization is the resonant energy, which depends 
on the total field strength. Near the center of the mirror mode holes, where |B| is at a minimum, 
the resonant energy approaches or drops below the thermal energy of the plasma. This may 
facilitate wave growth through any of the three generation mechanisms listed above. Figure 5 
displays the resonant energy measurements for observed whistler waves. In a resonant instability, 
resonant particles exchange energy with the wave. For the resonant electrons, the Doppler shifted 
wave frequency in the frame that moves with the electrons along the magnetic field is an 
integer (𝑛) multiple of the electron's gyrofrequency (𝜔 − 𝑘∥𝑣∥ = 𝑛Ω𝑒). The cyclotron resonance 
energy for 𝑛 = 1 and parallel propagation (𝜃 = 0) is calculated by (Kennel and Petschek, 1966) 
𝐸𝑅 =
𝐵2
2𝜇0𝑁
Ω𝑒
𝜔
(1 −
𝜔
Ω𝑒
)
3
 
In Figure 5a, the dashed black line depicts the resonance energy for 𝜔 Ω𝑒 = 0.35⁄  which 
corresponds to the shallow magnetic hole and solid black line shows the resonance energy for 
deeper magnetic holes with 𝜔 Ω𝑒 = 0.12⁄ . The resonance energy for shallow magnetic hole at 
16:20:40 is about 30𝑒𝑉 which lies in the center of electron population. The deep magnetic hole’s 
resonance energy is higher and spans the energy range between 40𝑒𝑉 and 60𝑒𝑉. This confirms 
that the majority of electron population is cyclotron resonance and is able to generate whistler 
waves. Figure 5b shows the electron pitch angle distribution for all energies. We see different 
distribution patterns for the shallow magnetic hole compared to the deep ones. Electrons are 
concentrated around 90-degree pitch angles at the shallow magnetic hole. At the deep magnetic 
holes, electrons have a donut shape distribution with electrons being 0 and 180-degree pitch angled 
at the minimum and 90-degree pitch angled at the edges of the magnetic holes. The averaged 
electron temperature anisotropy in both cases agree with our PIC simulation in Figure 2. The 
observed shallow hole corresponds to the young magnetic hole in our simulation with electron 
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temperature anisotropy being maximum at the center of the hole. The observed deep magnetic 
holes correspond to saturated deep magnetic hole in simulation with electrons being isotropized 
and scattered at the center of the hole and anisotropic at the edges. 
To test these different generation mechanisms in more details, we have plotted the electron pitch 
angle distributions for different energy ranges in Figure 6. Over-plotted on the pitch angle 
distributions is the trapping angle for 𝐵𝑚𝑎𝑥 = 45nT. The trapping angle is given by (Breuillard et 
al., 2017) 
𝜃𝑡𝑟 = 𝑠𝑖𝑛
−1 (√|𝐵| |𝐵𝑚𝑎𝑥|⁄ ) 
where 𝐵 is the total magnetic field. Electrons with pitch angles within the plotted black solid lines 
(𝜃𝑡𝑟 and 180 − 𝜃𝑡𝑟) can get trapped in the magnetic holes. Figure 6 shows different patterns in the 
pitch angle distribution depending on electron energy range. For energies below 40eV, electrons 
are moving anti-parallel to the ambient field. In the shallow hole (first magnetic hole) electrons 
are trapped right within the predicted trapping angles for energies above 40eV. It is interesting that 
for deep magnetic holes, we see that electrons with 40 to 80eV have donut shape pitch angle 
distribution. This is the cyclotron resonant population and its pitch angle distribution shows they 
have been scattered and they are becoming isotropized. Electrons with energies larger than 80eV 
are mostly still trapped inside deep magnetic holes with their pitch angle close to 90 degrees. This 
means that the higher energy populations are anisotropic with 𝑇𝑒⊥ 𝑇𝑒∥ > 1⁄  since electrons are 
trapped because they are too energetic to interact with the whistler wave. 
According to Kivelson and Southwood model for lower energies, the cooling of deeply trapped 
electrons (~90°) is more effective and for higher energies the heating of shallowly trapped 
electrons (~close to the trapping angle) is more effective. If we also take into account that electrons 
interact at the same time with whistlers (thus their pitch-angle is shifted towards parallel values 
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and the electrons can be untrapped) then this is why we observe electrons with 60 to 80eV look 
isotropic and they may have 𝑇𝑒⊥ 𝑇𝑒∥ < 1.⁄  For energies larger than 80 eV, we also start to see more 
parallel electrons than anti-parallel, which could be the feature of a nonlinear interaction, as 
described in Breuillard et al, (2017).  
Based on linear dispersion theory, for a known electron temperature anisotropy and plasma beta, 
the electron whistler instability has a certain frequency and wavelength for a maximum growth 
rate. A certain group of electrons that have energies close to the resonance energy will resonate 
with the wave and transfer their perpendicular energy into parallel energy. As the instability grows 
and relaxes the distribution toward isotropy, the frequency of the excited wave shifts toward lower 
frequencies and larger wavelength. This causes the resonance energy to transfer to higher energy 
particles and now they can resonate with the wave and become isotropized. Therefore, the shallow 
magnetic hole is a young hole that has not reached its nonlinear stage and electrons have not started 
to interact with either the magnetic structure or the whistlers. The deep magnetic holes are saturated 
holes since electrons within a certain range of energy (below resonance energy) are already 
scattered and isotropized. 
The observed wave signatures at the edges of the deep magnetic holes correspond to a population 
of electrons that are 90-degree pitch angled. This leads to an electron temperature anisotropy of 
larger than one which favors the growth of whistler waves. Figure 6 shows that electrons are 
perpendicularly pitch angled for all energies higher than 40eV in the deep holes. Fermi 
deceleration or betatron acceleration of trapped electrons can make them unstable to whistler 
waves at the edges of the deep magnetic holes. 
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5 Summary and Conclusions 
In the present study, we investigated cross scale energy transport between mirror mode waves and 
electron whistler waves in the magnetosheath. Mirror mode structures are formed downstream of 
the quasi-perpendicular shock layer and they are convected toward the magnetopause with the 
magnetosheath flow. Close to the magnetopause, they form magnetic holes which trap electrons. 
These magnetic holes also develop an electron temperature anisotropy which leads to generation 
of electron whistler waves. A PIC expanding box simulation showed that electron temperature 
anisotropy is enhanced at the center and the edges of mirror mode magnetic holes. The expansion 
and compression of magnetic holes, as they grow, impact the electron population by Fermi 
acceleration or deceleration and betatron acceleration. Also, as magnetic holes get deeper, whistler 
waves are observed at lower frequencies. Electron whistler waves observed in the shallow 
magnetic hole are high frequency with 𝝎 𝜴𝒆⁄ = 𝟎. 𝟑𝟓 and electrons are 90-degree pitch angled at 
the center of the hole. An analysis of pitch angle distribution for different energy ranges show that 
all the energy ranges are 90-degree pitch angled except for distributions with energies below 40eV, 
which is approximately the cyclotron resonance energy for electrons in the shallow magnetic hole. 
The rest of the magnetic holes in the observed mirror mode event are deeper. In these holes, the 
observed frequency of electron whistler waves at the center of the hole is 𝝎 𝜴𝒆⁄ = 𝟎. 𝟏𝟐, which is 
lower than for the shallow magnetic hole whistler waves. The pitch angle analysis of different 
energy ranges show that electrons with energies below 60eV are scattered and they are 0 and 180 
pitch angled (field-aligned) at the center of the holes (donut shape distribution) while higher 
energies are 90-degree pitch angled. The lower energy populations are already isotropized while 
there is anisotropy in higher energy population. Based on linear dispersion theory and scattering 
of electron distributions for different energy ranges, we conclude that the shallow magnetic hole 
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is a young hole at the early stage of the evolution while the deep magnetic holes are saturated 
holes. We also observed signatures of electron whistler waves at the edges of the deep magnetic 
hole both in simulation and MMS observations. In the observed deep magnetic holes, electrons are 
90-degree pitch angled at the edges of the magnetic holes which represents an electron temperature 
anisotropy favorable for whistler waves to grow. This electron temperature anisotropy can develop 
due to magnetic hole expansion or contraction which leads to Fermi acceleration or deceleration 
depending on how deeply the electrons are trapped.  
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Figure 1: Evolution of average electron temperature anisotropy (blue line) and electron whistler 
instability threshold (red line) as a function of time in PIC expanding box simulation. Plasma is 
stable to electron whistler instability (𝑅𝑤 < 0), although the average electron temperature 
anisotropy is high. 
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Figure 2: Relation between proton and electron temperature anisotropies and mirror mode 
magnetic hole. Black line shows the 𝐵𝑧/𝐵0, the red line is proton temperature anisotropy and the 
blue line represents the electron temperature anisotropy (a) 𝛺𝑝𝑡 = 736 and (b) 𝛺𝑝𝑡 = 1300. 
 
  22 
 
 
Figure 3: Overview of mirror instability event. (a) Ion energy flux, (b) electron energy flux, (c) 
magnetic field components and total magnetic field (d) ion (red line) and electron (blue line) 
number densities, (e) ion (red line) and electron (blue line) temperature anisotropies. 
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Figure 4: Wave polarization analysis of mirror instability event using Search Coil Magnetometer 
(SCM) instrument and FGM instrument. (a) Magnetic field power spectral density with white solid 
and dashed line representing electron gyrofrequency and half electron gyrofrequency, respectively, 
(b) electric field power spectral density, (c) wave angle, (d) ellipticity. The whistler waves are 
parallel propagating and right hand circularly polarized with the ellipticity of 1.  
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Figure 5: High resolution measurements with the FPI instrument of electron pitch angle 
distributions. (a) Electron energy spectrogram (the electron resonance energies are over-plotted by 
the black solid line for 𝜔 𝛺𝑒⁄ = 0.12 and black dashed line for 𝜔 𝛺𝑒⁄ = 0.35), (b) electron pitch 
angle distribution for all energies (over-plotted solid lines are the trapped-passing boundary), (c) 
proton and electron temperature anisotropies  
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Figure 6: Pitch angle distributions (PAD) of electrons using the FPI burst data for different energy 
ranges. The color scale is different for each panel. The solid black lines represent the trapped-
passing boundary. (a) Energy range 10-40eV (b) Energy range 40-80eV (c) Energy range 80-
100eV (d) Energy range 100-170eV (e) Energy range 170-500eV. Electrons with energies above 
40eV are trapped inside the shallow magnetic holes at 16:20:40 while the deeper magnetic holes 
after 16:21:00 have different behavior in pitch angle distribution depending on the energy range. 
  
